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INTRODUCTION
The current single pulse shutter design is an iron blade (ferromagnetic material) onto which a shaft with end bearings is force fitted. The flat blade rocks about the shaft in response to the periodically exerted force by a pair of pulsed electromagnets. Depending on the amount of current flowing through the electromagnets, they magnetize and demagnetize alternately which induces an oscillatory motion of the shutter blade (see Fig.   1 ).
One face of the blade is exposed to the X-ray beam. This face of the blade is coated with a material which not only absorbs the irradiation coming from the X-ray source but also resists the high peak power from the X-ray beam. To attain this effect the blade is bonded with silicon nitride Si 3 N 4 strip. Opening delay t d : is the time elapsed before the shutter blade responds to an input pulse.
It depends on the responsiveness of the shutter blade in addition to the device used to generate the pulse (see Fig. 2 ).
Static aperture sa: is the difference between maximum and minimum vertical positions of the shutter blade when the pulse picker is not operating (see Fig. 3 ). It can easily be calculated from the displacement vs. time plot of the shutter by locating the maximum and minimum points on the graph. It can also be measured by taking readings at the 4 respective positions using a laser detector. The laser detector emits a beam (see Fig. 3 Note that not more than one pulse will pass through the aperture as long as the exposure time of the shutter blade is a little less than twice the period, that is t 0 < 2*8.33 = 16.66 ms. Theoretically, the exposure time is in the order of ƒs, but to accommodate the uncertainties in timing, it's required to be around ~ 12 ms.
Inclination angle θ: is the angle the shutter blade makes with the horizontal (see Fig. 9 ).
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where L is half of the length of the shutter blade and l is the distance of the beam from the tip of the shutter blade.
METHODS AND RESULTS
Although not as effective as anticipated, previously two approaches were employed to address the rebound problem of the shutter blade. The first approach was to damp the vibration created due to the collision between shutter blade and the electromagnet by using a torsion spring. This method resulted in a bigger aperture, but it introduced a new problem: delayed response and longer exposure time. The other problem encountered in implementing this method was the unavailability of enough room underneath the shutter blade to accommodate a torsion spring.
The other approach tried so far is to manufacture the blade from a material that does not rebound as much. Rebounding is not a material property and therefore, such solutions are not easy to come by as experiments should be done to see the response. This approach is still in progress and no result is found up until this report is written.
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This research project addresses the bouncing back problem from a different perspective: adjusting the electromagnet in such a way that the blade does not oscillate after colliding with the electromagnet. One of the electromagnets is fixed and so its position can not be altered. However, the other electromagnet can move vertically up and down in addition to tilting sideways from the vertical.
Tilting the electromagnet (bigger inclination angle) increases the aperture (see Fig   7) . However, it decreases the exposure time significantly (see Fig 8) . This is because, when the inclination angle increases, the shutter blade accelerates more and gains kinetic energy before colliding with the electromagnet. As a result it rebounds with high velocity as soon as it hits the electromagnet (see Fig. 21 ).This problem can be addressed by slowing down the return motion using a stronger electromagnet or a damper. A stronger electromagnet can exert enough force to slow down the rebound and a damper can absorb the impact energy and reduces the energy available for rebound.
During collision, full contact between the shutter blade and the electromagnet is required to guarantee maximum energy absorption. Full contact is achieved by tilting the electromagnet while moving it up and down vertically. Therefore, all experiments executed in this research are done in such a way that the shutter blade touches the electromagnet fully. Another reason to demand full contact between the two parts is to avoid damage which otherwise will result from single point contact.
Experiments 1 through 6
In pursuit of meeting the requirement of the LCLS (da ~ 4 mm and t 0 ~ 12 ms) six experiments are executed at different positions of the electromagnet without changing the frequency(ƒ = 1 Hz) and the results are summarized in Table 1 . The data in Table 1 is   8 plotted to show how the aperture (both static and dynamic) and response time depend on inclination angle (see Fig. 7 and 8 
Experiments 7 through 11
Without changing the set up, experiment 6 is repeated for different frequencies of the shutter blade. The data obtained are summarized in Table 2 and the plots are shown in Fig. 12 and 13 . As can be seen from the plots, frequency has an insignificant or no 9 effect on both the exposure time and dynamic aperture. The individual plots are very similar to the plot obtained from experiment 6.
DISCUSSION AND CONCLUSIONS
The maximum inclination for which the shutter blade can oscillate is 12.7°. When the inclination exceeds 12.7°, the electromagnet does not exert the enough force to pull the shutter blade back and as a result the shutter blade sticks at one position. However, the duration of the input volt can not be adjusted manually, and therefore the vendor should be contacted about modifying the product to LCLS's need.
Another way of increasing the exposure time is by decreasing the delay time which requires the use of a stronger electromagnet. When the force exerted by the electromagnet is bigger, the displacement vs. time plot looks like Fig. 14 (a) . For smaller force of attraction, the response looks like Fig 14 (b) . Therefore, stronger electromagnet guarantee that the motion (referring to 
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